Two highly enriched cultures containing Dehalococcoides spp. were used to study the effect of aceticlastic methanogens on reductive vinyl chloride (VC) dechlorination. In terms of aceticlastic methanogens, one culture was dominated by Methanosaeta, while the other culture was dominated by Methanosarcina, as determined by fluorescence in situ hybridization. Cultures amended with 2-bromoethanesulfonate (BES), an efficient inhibitor of methanogens, exhibited slow VC dechlorination when grown on acetate and VC. Methanogenic cultures dominated by Methanosaeta had no impact on dechlorination rates, compared to BES-amended controls. In contrast, methanogenic cultures dominated by Methanosarcina displayed up to sevenfold-higher rates of VC dechlorination than their BES-amended counterparts. Methanosarcina-dominated cultures converted a higher percentage of [2-
Contamination with chlorinated ethenes, an almost ubiquitous class of pollutants, presently poses a serious threat to groundwater quality in industrialized countries (1) . Microbial reductive dechlorination is the major pathway of degradation and detoxification of chloroethenes under anaerobic conditions (26) . Dehalorespiring bacteria (DRB; synonym, chlororespiring bacteria) are able to use the energy available from reductive dechlorination in a respiratory process (27, 28) ; however, sequential dechlorination may result in transient buildup of the highly toxic metabolite vinyl chloride (VC) (15, 44) . DRB growing with vinyl chloride as an electron acceptor are to date restricted to the Dehalococcoides group of bacteria (11, 12, 16, 23) . All known Dehalococcoides isolates require hydrogen (H 2 ) as a direct electron donor (3, 23, 34) . However, in anaerobic substrate degradation, a considerable fraction of organic carbon is converted to methane via acetate. The latter may also be oxidized by sulfate-reducing, Fe(III)-reducing, or denitrifying bacteria (49) , while known VC-dechlorinating DRB are unable to use acetate as a direct electron donor. H 2 production from acetate is an obligately syntrophic process that may help to overcome this lack of reducing power for DRB. It can be mediated by two different microbial groups: (i) archaea capable of aceticlastic methanogenesis, as well as acetate oxidation, and (ii) syntrophic acetate-oxidizing bacteria.
Acetate oxidation to CO 2 plus H 2 becomes thermodynamically favorable when parallel processes remove the produced hydrogen. These may include hydrogenotrophic methanogenesis, sulfate reduction, or reductive dechlorination.
Presently, there is only one study indicating syntrophic acetate oxidation as a process sustaining VC dechlorination (24) , and even less is known about the influence of aceticlastic methanogens on dehalorespiration. Previous studies indicate a positive influence of methanogens on anaerobic dechlorination of chloroethenes (7, 20, 43) , polychlorinated biphenyls (30) , and chloroform (55) . However, the underlying processes are often poorly understood or are related to nondehalorespiratory mechanisms such as oxidative acetogenesis of VC (6, 8) or beneficial influence of cofactors such as F430 and vitamin B 12 (55) , which are involved in cometabolic reductive dechlorination (26) . The presence of aceticlastic methanogens has been shown to be beneficial for dehalogenation by bacteria dechlorinating 2,4,6-trichlorophenol (37); however, little is known about the actual processes or the organisms involved.
This lack of knowledge is remarkable, considering that acetate is the most abundant substrate of methanogenesis in nature (9, 51) . Although Methanosarcina spp. are generally regarded as aceticlastic, it is well known that they are also capable of acetate oxidation (31, 33) . The pathway is oxidation of the methyl carbon of acetate yielding CO 2 and H 2 . Apparently, the production of H 2 can be taken advantage of by hydrogenotrophic sulfate-reducers grown in coculture with Methanosarcina (5, 38) . In response to H 2 consumption by sulfate reducers, Methanosarcina spp. oxidize a higher proportion of the available methyl carbon to CO 2 . It was demonstrated that hydrogenotrophic sulfate reducers could scavenge up to 42% of available electron equivalents derived from acetate through this reaction (38) . Similarly, Achtnich et al. (2) could demonstrate the occurrence of interspecies H 2 transfer from aceticlastic methanogens to sulfate and Fe(III)-reducing bacteria in anoxic paddy soil. Consequently, coupling of H 2 release from acetate oxidation, mediated by Methanosarcina, with H 2 uptake by DRB seems feasible. By making reducing equivalents of acetate available in the form of H 2 , this would be highly beneficial to the detoxification of chlorinated ethenes. In terms of energetics, acetate oxidation to H 2 plus CO 2 should be thermodynamically favorable in dehalorespiratory systems, considering the extremely low hydrogen threshold concentrations of respiratory reductive dechlorination (approximately 0.1 nM) (22) .
Accordingly, the objectives of this study were (i) to determine whether the presence of aceticlastic methanogens has any observable effect on hydrogenotrophic VC dechlorination, (ii) to evaluate the magnitude of this effect, and (iii) to elucidate which organisms are involved in this process. To this end, we conducted experiments using the mixed, dechlorinating culture KB-1. Fluorescence in situ hybridization (FISH) targeting the two genera capable of aceticlastic methanogenesis, Methanosarcina and Methanosaeta, as well as Dehalococcoides spp., was used to relate observed processes to the occurrence and dominance of specific microorganisms.
MATERIALS AND METHODS
Chemicals and analytical procedures. Vinyl chloride gas (99.97%) was purchased from Gerling, Holz, & Co. (Hamburg, Germany), and ethene and methane were obtained as pure gases from Mikrolab (Aarhus, Denmark). Sodium acetate (Merck, pro analysi, min. 99%; Darmstadt, Germany) was used as electron donor and carbon source.
Concentrations of VC, ethene, and methane (CH 4 ) were determined by headspace sampling directly from the culture bottles. A total of 100 l of headspace gas sample was introduced into a Shimadzu 14A gas chromatograph equipped with a packed column (3% SP/500 Carbopack B) and a flame ionization detector. In each run, the oven temperature was maintained at 80°C for 1.2 min and then increased to 130°C at a rate of 20°C min Ϫ1 before being cooled. Calibration was performed by injection of different volumes (60 to 150 l) of standard gas mixtures containing CH 4 , ethene, and VC in pure nitrogen (produced in 120-ml serum bottles with the chemicals mentioned above). These mixed standards covered the following concentration ranges (in micromoles per liter of gas): 0.6 to 84.2 for VC, 0.7 to 84.9 for ethene, and 1.7 to 12,480 for methane. Headspace hydrogen (H 2 ) was analyzed with a reduction gas detector (RGD2; Trace Analytical, Menlo Park, CA). A total of 400 l of each gaseous standard and sample were injected onto a 250-l stainless steel sampling loop (Mikrolab, Aarhus, Denmark) fitted on a 10-port VICI valve (enabling back-flushing of the Carbosphere column to protect the detector from chlorinated compounds). Separation was performed on a stainless steel Carbosphere 80/100 column, measuring 6 ft by 1/8 in., followed by a stainless steel Molsieve 5A column, measuring 3 ft by 1/8 in. (both from Alltech, Deerfield, IL). Gaseous hydrogen standards were prepared by diluting pure H 2 gas in 120-ml serum bottles containing pure nitrogen. Standards covered a range of 0.3 to 36.8 ppm by volume. As all gaseous samples were equalized to atmospheric pressure prior to injection, and measured concentrations of H 2 , CH 4 , ethene, and VC were corrected for overpressure as determined with a portable manometer (Manofix X30D; Frode Pedersen, Allerød, Denmark) to account for this loss in mass (e.g., a sample degassing from 1.1 to 1.0 atm experiences a loss of around 10%). Headspace concentrations were converted to aqueous concentrations and amount of substance per bottle by using Henry's law constants for vinyl chloride (46) and ethene, methane, and H 2 (52) . Error bars on all graphs represent Ϯ1 standard deviation from the average value.
Aqueous samples for the analysis of acetate (0.3 to 1 ml) were filtered through 0.45-m nylon filters (Whatman, Clifton, NJ), acidified with 50 l of 17% H 3 PO 4 per ml of sample and kept frozen until analysis by suppressed ion chromatography on a Dionex ICE-AS1 9-by 250-mm ion exclusion column (eluent, 4 mM heptafluorobutyric acid; chemical suppression, 10 mM tetrabutyl ammonium).
Headspace samples (each, 200 l) for the analysis of CO 2 were injected into a Mikrolab GC equipped with a packed column (1.1 m by 3/16 in. Molsieve 13X; 0.7 m by 1/4 in. Chromosorb 108) and a thermal conductivity detector. The temperature was maintained at 55°C.
Culture conditions. The anaerobic microbial consortium KB-1 Dechlorinator (kindly provided by SiREM, Guelph, Canada) was used as a stock culture in all experiments. This enrichment culture was originally derived from trichloroethylene-contaminated soil and groundwater and contains Dehalococcoides bacteria that are able to grow on vinyl chloride as an electron acceptor (16, 17) . All incubations were performed in sulfate-free medium as described by Heimann et al. (25) (major components were phosphate, ammonium, calcium, and magnesium salts; trace metals; vitamins; bicarbonate; iron sulfide; no yeast extract). Experiments were conducted with both a fresh KB-1 culture (used directly after shipping) and a culture that had been used in different experimental setups for a total of 315 days prior to the experiments reported here. The 315-day-old culture and the fresh culture are hereafter referred to as "the evolved culture" and "the original culture," respectively (acknowledging that our experimental treatment likely also altered the microbial community composition of the initial KB-1 culture). In terms of aceticlastic methanogens, the original culture was dominated by Methanosaeta spp., whereas the evolved culture was dominated by Methanosarcina spp. (details follow below).
Since the preceding experiments (315 days prior to the experiments reported here) were likely responsible for this critical difference in population composition, we will here briefly describe the treatment of the evolved culture in this period. (i) In the first 139 days, KB-1 was fed on lactate plus trichloroethylene. (ii) It was then transferred into fresh medium, and fed on acetate plus VC for another 155 days. (iii) It was again transferred into fresh medium and fed on acetate plus VC for another 21 days. The medium in these experiments was identical to the one described above, except for period ii, in which we used a high-ionic-strength medium featuring high chloride and bromide levels (Cl Ϫ , 44 mM; Br Ϫ , 61 mM) but otherwise identical to the one described above. Some experiments reported here were repeated independently with a stock of the evolved culture that had not been transferred into fresh medium after 294 days. However, this culture displayed no observable difference in terms of degradation patterns or microbial composition (i.e., the dominance of Methanosarcina spp.).
Lactate, the electron donor used initially in the preceding experiments, is a rapidly fermenting substrate that can cause high H 2 levels (18). Accordingly, we measured H 2 levels of a few thousand nanomoles per liter in this period. Methanosaeta spp. are strict aceticlastic methanogens, while Methanosarcina spp. are capable of utilizing multiple substrates, such as CO 2 plus H 2 or methanol (49) , which may explain why we observed an enrichment of Methanosarcina spp. in preference to Methanosaeta spp. in the evolved culture compared to the original KB-1 culture. Also, high (millimolar) concentrations of acetate favor the faster-growing Methanosarcina, whereas the slow-growing Methanosaeta is favored by low acetate levels (56) . Since acetate levels in the preceding experiments were generally high (around 4 to 5 mM), this probably also contributed to the enrichment of Methanosarcina.
Prior to the experiments reported here, the evolved culture always dechlorinated the added chloroethenes completely to ethene and also produced methane. Interestingly, VC dechlorination rates appeared to correlate positively with the rate of methanogenesis, which inspired us to further study this culture. All stock cultures were kept at 20°C.
Experimental setup. For the experiments evaluating the effect of aceticlastic methanogens on dechlorination, the medium was modified by replacing mercaptoethanesulfonic acid (coenzyme M [CoM]) with 2-bromoethanesulfonic acid (BES) (a structural analogue of CoM and an inhibitor of methanogenesis) at a concentration of 5.28 g (of the sodium salt) per liter of vitamin stock solution (25 mM), resulting in a final BES concentration of 0.25 mM in the medium. This relatively low BES level has previously been shown not to affect vinyl chloride dechlorination rates in KB-1 (16) . Experimental culture batches were set up in 120-ml serum bottles filled with 100 ml CoM-or BES-containing medium and sealed with 1-cm-thick butyl rubber stoppers (Apodan, Copenhagen, Denmark) and aluminum crimp caps. The headspace gas was N 2 /CO 2 (80/20%). Each bottle received 400 mol acetate as the only electron donor (0.4 ml of a 1 M sodium acetate solution, producing an initial acetate concentration of approximately 4 mM or 0.4 mmol per bottle) and 400 l of a VC/N 2 gas mixture (Ͼ95% VC) transferred with a gas-tight syringe (VICI Precision Sampling, Baton Rouge, LA), resulting in an initial aqueous VC concentration of approximately 140 M (16 mol per bottle). The experiments were initiated by inoculation with 1 ml stock culture (1% [vol/vol] ). For each culture (original versus evolved), triplicate bottles were produced for each medium. To verify the results obtained from the evolved culture, the same experiment was repeated independently (again, in triplicate for all setups). Uninoculated bottles served as abiotic controls and were implemented as single bottles for both media. All bottles were incubated upside down in the dark at 20°C without agitation. To assess whether VC dechlorination was limited by available H 2 , two of the triplicates of a given setup were amended with 1 ml of pure H 2 gas (corresponding to approximately 41 mol per bottle), added via an anaerobic (flushed repeatedly with oxygen-free nitrogen) sterile syringe (BD Plastipak; Becton Dickinson, Brøndby, Denmark) after 117 days of incubation. The three bottles (H 2 -amended duplicates plus one control) were then incubated for another 20 days and analyzed for concentrations of VC and ethene. This experiment was conducted three times (twice with the original culture for both media, CoM and BES amended, and once with the evolved culture for the latter medium).
Rate calculations. Dechlorination rates were determined for each sampling event (generally around 20 times in a 140-day experimental period) from the vinyl chloride consumption since the previous sampling event. VC consumption was corrected for sampling loss (withdrawal of aqueous and gaseous phase) and divided by the volume of culture (i.e., aqueous medium) at that time to obtain rates in the unit of micromoles per day per liter. Cumulative sampling loss of vinyl chloride over the whole experimental period was typically on the order of 3 mol per bottle, or ϳ20% of the initially added amount of VC. The significance of differences between maximum dechlorination rates mentioned hereafter was verified through Student's t test (␣ ϭ 0.05; two tail).
Fluorescence in situ hybridization and microscopy. FISH was performed according to the protocol described by Hugenholtz et al. (29) . The oligonucleotide probes used in this study are shown in Table 1 . The hybridization stringency was adjusted by formamide in the hybridization buffer and was 20% for all probes except for MS1414 (35% formamide, as for Sekiguchi et al.) (42) . A mixture of probes EUB338 and EUB338ϩ was used to identify all Bacteria. EUB338 and EUB338ϩ were labeled with fluorescein isothiocyanate, ARC915 and DHE1259 were labeled with Cy3 or Cy5, and MS1414 and MX825 were labeled with Cy3. All probes were supplied by Thermo Electron, Ulm, Germany (http://www.thermohybaid.de).
Hybridized cells were examined with a Zeiss LSM 510 confocal laser scanning microscope employing an upright Axioplan 2 microscope and an ApoChromat microscope with a 63ϫ objective and a 1.4 aperture. Excitation channels were 488 nm (green emissions), 545 nm (red emissions), and 670 nm (infrared emissions; presented in blue). For each sample, the scan rate and laser gain were adjusted; however, no digital postprocessing was applied.
Radiotracer experiments. To investigate the effect of VC dechlorination on the pathway of acetate utilization, we conducted an experiment employing 14 Clabeled acetate (radiolabeled methyl group, 14 CH 3 COONa; Amersham Life Science, Little Chalfont, United Kingdom). In this experiment, 21-ml headspace vials were sealed with 1-cm-thick butyl rubber stoppers and aluminum crimp caps, flushed with N 2 , and filled with 10 ml of the mineral salts medium (CoM amended). All biotic batches were inoculated with 3 ml of the evolved culture (ϳ23% [vol/vol] inoculum), while two abiotic controls were not inoculated. Of the biotic batches, nine replicates received 2.5 mol VC (resulting in an initial aqueous VC concentration of 126 M), and nine replicates received no VC. The initial acetate concentration was 4.6 mM. All vials were initially analyzed for VC, ethene, and CH 4 . Subsequently, three out of nine replicates for each setup were sacrificed for initial measurements of CO 2 , acetate, and pH. Approximately 25.4 kBq of 14 CH 3 COONa was injected into each of three replicate vials for both setups (in total, six vials), which changed the overall acetate concentration by Ͻ1%. All vials were incubated in the dark for 65 days. Nonradioactive replicates were then analyzed for the parameters described above, while radioactive replicates were analyzed for radiolabeled compounds.
14 CH 4 and 14 CO 2 were separated by a stripping apparatus, using a slight modification of the procedure described by Hansen et al. (21) to minimize interference by radiolabeled acetic acid upon acidification of the sample. In this modified procedure, the headspace of each reaction vial was extracted in a prestep by addition of 6.5 ml mineral salts medium and simultaneous uptake of the displaced gas phase with a 10-ml disposable syringe (BD Plastipak; Becton Dickinson, Brøndby, Denmark). The content of this syringe was then injected into an N 2 -containing 120-ml serum bottle sealed with a 1-cm-thick butyl rubber stopper and aluminum crimp cap. This procedure recovered around 82% (Ϯ3%, 9 replicates; as tested by extraction of nonlabeled methane in preexperiments) of the total vial headspace. The 120-ml serum bottles were then connected to the stripping apparatus. The stripped gas passed through five traps in the first step, trapping CO 2 (two traps of 10 ml 2-methoxyethanol and three traps of 10 ml Carbosorb E; Perkin-Elmer, Hvidovre, Denmark), and in the second step, following oxidation of CH 4 to CO 2 , by passage through an 800°C CuO column, through four traps (one trap of 10 ml 2-methoxyethanol and three traps of 10 ml Carbosorb E). All samples were measured on a Wallac 1414 scintillation counter, following the addition of an appropriate scintillation fluid (10 ml Permafluor Eϩ for Carbosorb E traps and 10 ml Ultima Gold XR for 2-methoxyethanol traps). Measured radioactivities were corrected for extraction recovery (see above) and were back-calculated to total radioactivity of inorganic carbon (C) (4) and methane by use of Henry's law constants and speciation calculations performed with PHREEQC (36) . Thus, all radioactive carbon species (aqueous and gaseous) were included in our calculations.
RESULTS
The archaeal composition of the two compared cultures was quite distinct. Close to 100% of all Archaea detected by FISH were either Methanosarcinaceae or Methanosaetaceae in the evolved and original cultures, respectively (Fig. 1A and B) . Although the probe used to target Methanosarcinaceae, MS1414, also targeted individuals from Methanococcoides and Methanolobus, Methanosarcinaceae were easily distinguishable by their size and morphology. In addition, FISH suggested the presence of Dehalococcoides both in the evolved culture and to a lesser degree in the original culture (Fig. 1C and D) . FISH samples that were simultaneously stained with the combined fluorescein isothiocyanate-labeled EUB probe exhibited increased autofluorescence in the channel for green emission (probably from iron sulfides present in the medium). Therefore, these results are not shown here. As expected, no or very few methanogens were observed in samples from either of the two cultures set up in the BES-amended medium.
Dechlorination of vinyl chloride to ethene occurred in all cultures regardless of medium composition ( Fig. 2A and B) . However, amending the medium with 0.25 mM BES resulted in efficient inhibition of methanogenesis in both cultures and a conspicuous effect on dechlorination rates in the evolved culture ( Fig. 2A to D) . After approximately 70 days of incubation, average dechlorination rates in the CoM-amended bottles of the evolved culture started to increase and became significantly higher than in the BES-amended setup. This high rate was also maintained when vinyl chloride was resupplied after 117 days. This observation was confirmed in an independent repetition of the experiment. In contrast to this, the original culture showed no significant difference in dechlorination rate between CoM-and BES-amended media, despite methanogenesis proceeding at higher rates in this culture than in the evolved culture (after 115 days, approximately seven times more methane was produced in the original culture). Abiotic controls showed no dechlorination of VC and no production of methane. In all cultures, vinyl chloride dechlorination resulted in a decrease of aqueous H 2 concentrations by Ͼ1 order of magnitude in the first 20 days, thereafter approaching levels of around 0.3 to 0.5 nM (Fig. 2E and F) . When all vinyl chloride was consumed in the evolved culture (after about 140 days), the H 2 level increased Ͼ20 fold to levels of around 14 nM. The same observation was repeatedly made during preexperiments (data not shown). When H 2 (41 mol per bottle) was supplied to the BES-amended setup of the evolved culture after 117 days, it was able to completely dechlorinate the remaining VC to ethene within only 20 days (Fig. 3) . The same was true for both the BES-amended and the methanogenic setups of the original culture (data not shown), demonstrating that dechlorination was not inhibited by BES in our experiments (BES can potentially inhibit dechlorination of chloroethenes, as was shown by Löffler et al.) (32) .
Methane formation was accounted for by acetate consumption at a nearly 1:1 molar ratio, as expected for aceticlastic methanogenesis (Table 2, Gibbs free energy (⌬G r ) from this process. The results of free energy calculations for in situ conditions observed in the evolved (CoM-amended) culture (for the data depicted in Fig. 2A , C, and E) are shown in Fig. 4 , along with the in situ Gibbs free energy values for aceticlastic methanogenesis and acetate oxidation to CO 2 and H 2 ( Table 2 , reactions 1 to 3). The free energy yield for hydrogenotrophic methanogenesis was lower (more-positive ⌬G r ) at nearly all times than the assumed threshold energy of about Ϫ20 kJ (mol reaction
Ϫ1
) necessary for ATP formation (40) and even became positive from around day 100 to 140. The energy yield for acetate oxidation became increasingly higher (more-negative ⌬G r ) in response to the decreasing H 2 levels. From day 70 on, acetate oxidation to H 2 and CO 2 was thermodynamically equally or even more favorable than aceticlastic methanogenesis. The changes in energy yield towards the end of the observation period (around 140 days) were due to the increase of H 2 concentrations in response to the ceasing VC dechlorination (Fig. 2) .
In the evolved culture (CoM amended), VC dechlorination rates were about 12% (Ϯ2.4%) of methane production rates on a molar basis (as determined by linear regression over time; R 2 ϭ 0.89 and P Ͻ 0.001; data not shown). Considering the 14 CO 2 in 65 days, which when back-calculated to the total unlabeled carbon pools would provide roughly 10 times the amount of H 2 needed for complete dechlorination of VC (4 ϫ 6.0 mol; 1 mol of acetate oxidized yielded 4 mol of H 2 ).
DISCUSSION
Acetate-driven dechlorination of vinyl chloride was found in all biotic setups, regardless of the abundance of methanogens. This indicates that a small population of methanogens might have been present in the BES-amended cultures providing sufficient hydrogen to drive the observed low-rate VC dechlorination. Alternatively, nonarchaeal organisms could have supplied H 2 from acetate to dechlorinators (thermodynamically facilitated by low H 2 levels). The occurrence of bacterial syntrophic acetate oxidizers under mesophilic conditions is well known (10, 35, 41) . Interestingly, a recent study indicates that this could be a relevant process in the reductive dechlorination of chlorinated ethenes (24) . However, while BES-amended cultures could sustain dechlorination only at low rates in our experiments, the presence of Methanosarcina considerably increased VC dechlorination rates by a factor of up to 7, indicating they may be producing H 2 by acetate oxidation. Although the fraction of acetate utilized in our experiments for CO 2 and H 2 production was not very high (ϳ3%), this may still provide a sufficient amount of reducing equivalents to drive dechlorination of chlorinated species in field situations.
The fact that the presence of Methanosaeta did not have a positive influence on dechlorination rates suggests that this genus is not able to produce H 2 from acetate. Valentine et al. (50) showed that Methanosarcina barkeri transiently produced H 2 under low-hydrogen conditions, even without any organic substrate (presumably derived from previously produced metabolites). It was also found that Methanosaeta concilii produced no hydrogen in these experiments, a result which is supported by our findings. It is significant that Methanosaeta spp. are strict aceticlastic methanogens, while Methanosarcina spp. are capable of utilizing multiple substrates such as CO 2 plus H 2 , or methanol (49) . Since acetate-grown Methanosarcina species contain low levels of enzymes that are utilized in the CO 2 -H 2 pathway of methanogenesis (19) , the difference in H 2 production capabil- FIG. 4 . In situ Gibbs free energy yields for reactions 1 to 3 in Table  2 in the methanogenic setup of the evolved culture. In all calculations, the pH is 6.5, and the activity of HCO 3 Ϫ is 1.1 ϫ 10 Ϫ2 (as computed with PHREEQC (36); CH 4 , H 2 , and acetate vary according to the observed variation over time. Methane production from acetate is not necessarily reflective of an aceticlastic pathway. Several studies have shown that methane can be also produced by syntrophic acetate oxidation with subsequent hydrogenotrophic methanogenesis (41) . However, the unfavorable thermodynamics, caused by reductive dechlorination, favor aceticlastic methanogenesis as a major methane source in our experiments.
Slow, fortuitous dehalogenation of VC or other chlorinated ethenes has been related to metabolic by-products, e.g., via cofactors such as vitamin B 12 , which is abundant in methanogens (15) . However, our results suggest that VC is dehalogenated in a respiratory process, as indicated by the sustained low hydrogen levels during dechlorination. These are in the range of hydrogen concentrations during chloroethene halorespiration observed by others (13, 22) . Moreover, the observation that H 2 concentrations do not change considerably during growth of Methanosarcina spp. suggests that H 2 production from acetate limits the overall rate of dechlorination, which again suggests the presence of active DRB. This assumption is supported by recent findings by Duhamel et al. (16) , who demonstrated that KB-1 features organisms capable of growth on VC. Hydrogen production via acetate oxidation is also documented by the respiratory indices (0.51 versus 0.12 for dechlorinating versus nondechlorinating methanogenic systems). The values we found are very similar to results from Achtnich et al. (2) , who added sulfate to an aceticlastic methanogenic population.
In summary, we present here the first evidence of H 2 production from acetate-grown methanogens driving chloroethene dechlorination. The interpretation of our findings as interspecies hydrogen transfer from Methanosarcina spp. to dehalorespiring Dehalococcoides spp. is supported by (i) the lack of fortuitous effects (cometabolic degradation) that might increase dechlorination rates (i.e., no effect of Methanosaeta), (ii) the favorable energetics of acetate oxidation to CO 2 and H 2 under our experimental conditions, (iii) the 10-to 100-fold increase in H 2 levels upon complete consumption of VC, (iv) the fact that dechlorination in nonmethanogenic cultures was not inhibited by BES but was limited by H 2 , and (v) the conspicuous increase in the respiratory index when VC was added to methanogenic cultures. These results give exciting insights into the microbial ecology of methanogenic systems impacted by a very common class of groundwater contaminants and thus may be relevant for bioremediation of contaminated environments. Since their minimum thresholds for acetate utilization are on the order of 0.5 mM (56), Methanosarcina spp. may contribute to contaminant degradation in bioengineered systems where acetate concentrations are high (i.e., in the millimolar range) and H 2 production from acetate limits the overall dechlorination process.
